Optical nanodisk resonators based on a hybrid plasmonic waveguiding geometry are investigated theoretically in the wavelength range of 1200-2000 nm with their radii varying from 320 to 1000 nm. Due to the fact that a hybrid plasmonic structure can efficiently confine light in a deep-subwavelength mode volume with a relatively low propagation loss, the nanodisks designed exhibit simultaneously a high Q factor and a high Purcell factor. For a hybrid plasmonic nanodisk with the radius of 1000 nm, a Q factor of 819 and a Purcell factor of 1827 are achieved at the telecommunication wavelength of 1558 nm.
Introduction
There has been a great amount of interest in the research of optical cavities in the last few decades. Such optical cavities are vital for a wide range of applications such as cavity quantum electrodynamics, on-chip light sources (lasers, LEDs, etc), controlled spontaneous emission, optical filters, etc [1] . In applications like single photon sources [2] , highspeed modulated lasers [3] , threshold-less lasing [4] , and investigations of light-matter interactions [5] , a cavity with a high quality factor Q and a small volume V , hence a high ratio between the two (recognized as Purcell factor F P [6] ), is desired.
Difficulty arises naturally in maintaining a high Q factor of a cavity when its mode volume is getting smaller. Previous attempts at achieving high-Q and small-volume cavities include photonic crystal cavities [7] [8] [9] , dielectric nanowire cavities [10] [11] [12] [13] , dielectric ring or disk cavities [14] [15] [16] [17] [18] [19] [20] , metal-dielectric cavities [21] [22] [23] [24] , etc. Although these designs can achieve extremely high Q factors, their mode volumes are limited by the diffraction limit. Therefore achieving a high F P with these designs is still out of reach. Recently, more and more attention has been paid to plasmonic cavities. Plasmonic devices are based on the surface plasmon polariton effect, which is capable of confining an electromagnetic field at a deep-subwavelength scale. Correspondingly a plasmonic cavity can efficiently reduce the mode volume to an ultrasmall value. However, the existence of Ohmic loss in metals inevitably impinges on the achievable Q factors. The remaining challenge is therefore to reduce the adverse effect of the Ohmic loss inherent to metals deployed in plasmonic light-confining systems.
In this paper, we theoretically study nanodisk cavities based on hybrid plasmonic (HP) structures [25, 26] . With an enhancement of the electromagnetic field inside the lowindex layer between a metallic layer and a high-index layer, HP structures can realize a good confinement and relatively low propagation loss simultaneously. Notice that several plasmonic cavities have already been reported [5, [27] [28] [29] [30] . However, none of them achieves simultaneously a relatively high Q and a high Purcell factor: for the metal-insulator-metal nanodisk in [27] , a small mode volume of 0.000 33λ 3 0 is achieved experimentally with a high F P = 900 but a low Q = 16; for the plasmonic whispering-gallery microcavity in [28] , a high Q factor of 1376 ± 65 is reported but unfortunately with a huge mode volume (with radius of ∼15 μm); the plasmonic cavity based on a semiconductor nanodisk inside a silver nanopan [29] has a modest mode volume of 0.56(λ 0 /2n) 3 with a relatively low Q = ∼200; and, more recently, the plasmonic cavity in [5] has a Q = 100 and a small F P = 18. In this work, by using an HP nanodisk with a radius of 1000 nm, we achieve a high Q = 819 and a high F P = 1827 simultaneously at the wavelength of 1558 nm.
HP nanodisk
The proposed HP nanodisk is schematically depicted in figure 1 . Such an HP nanodisk can be fabricated by a two-step process: firstly fabricating a standard SOI microdisk (a 250 nm thick silicon nanodisk on the 3 μm thick silica substrate) by electron beam lithography (EBL) and inductively coupled plasmon (ICP) etching; then a low-index layer and a silver layer are defined on the top of the silicon nanodisk by a second time EBL patterning followed by a lift-off process [31] . Here, the low-index layer will work as a gain medium for the laser and can be fabricated by doping the silica layer with quantum dot nanocrystals [32] [33] [34] [35] .
A three-dimensional finite-difference time-domain (FDTD) method is used to obtain the field patterns, Q factors, mode volumes, and resonant wavelengths of the HP nanodisks. In order for the operating wavelength to be around the telecommunication wavelength of 1550 nm, the permittivities of the SOI are set to be ε i = 11.9, ε SiO2 = 2.1; the permittivity of the low-index layer should be higher than that of silica because of the doping (here we set it to be ε L = 3 for convenience); and the dispersive permittivity of the silver is calculated according to a Drude model which is fitted with the experimental data [36] . In the simulations, the heights of the low-index layer and the silver layer are set to be h L = 50 nm and h Ag = 100 nm, by which a balance between the propagation loss and the mode confinement can be realized [37] .
For the proposed HP nanodisks, there are two different types of modes existing: the transverse electric (TE) mode which is a dielectric-like mode with most electromagnetic energy confined inside the silicon layer; and the transverse magnetic (TM) mode which is a plasmonic-like mode with most electromagnetic energy confined inside the low-index layer. In order to achieve a subwavelength mode confinement and therefore to reduce the mode volume, we only discuss the TM scenario. For nanodisks, there are usually three mode numbers applied to classify the resonant modes, corresponding to the vertical, radial, and azimuthal directions [10] . Here only the fundamental modes in vertical and radial directions are discussed since these modes have higher Q factors and smaller mode volumes compared to the other supported modes. Under these conditions, the modes of the proposed HP nanodisks can be classified with only the azimuthal mode numbers m.
In our FDTD simulations, we firstly set a broad-band Gaussian pulse to excite all of the TM resonant modes in the chosen bandwidth and then we re-run the simulation with narrow-band sources around these modes to obtain the field patterns. For an HP nanodisk with a radius r = 670 nm, there is a resonant mode at the wavelength λ = 1552 nm with the azimuthal number m = 5, and the profile of the electric field E z over a x-y plane in the center of the low-index layer is shown in figure 2(a) . To further elucidate the mode confinement, the profile of the electric field E z in the x-z plane is shown in figure 2(b) . The electric field is largely concentrated within the low-index layer and near the sidewall so a relatively small mode volume can be expected. 
Simulation results
For a nanodisk cavity, the Q factor is one of the most important parameters to evaluate the properties. To achieve a high Q factor, a common practice is to increase the radius which can effectively decrease the bending-induced radiation loss. However, for an HP nanodisk, a large radius also means a large propagation loss which will also influence the Q factor. At the same time, the increase of the radius will increase the mode volume and influence the Purcell factor.
We have performed FDTD simulations on a number of HP nanodisks whose radii are respectively 320, 440, 560, 670, 780, 890 and 1000 nm. These nanodisk cavities have a resonant mode near the wavelength of 1550 nm, achieved at various azimuthal mode numbers m = 2-8. Our FDTD simulation results are summarized in table 1 for a clear comparison of the nanodisk performances. Notice that resonances falling into the telecommunication wavelength regime are highlighted in bold. Here the effective mode volume is calculated as
and the Purcell factor is calculated as
where λ 0 is the resonant wavelength in free space and n is the refractive index of the gain medium with n = √ 3. From equation (2), one knows that, in order to obtain a high Purcell factor, it is better to use the resonant mode with a high Q factor and small mode volume.
All the proposed modes supported by these HP nanodisks in the wavelength range of 1200-2000 nm are listed in table 1. As the radius increases, more modes can be supported in an HP nanodisk. In the case of the HP nanodisk with r = 1000 nm, six modes are supported in the wavelength range of interest, whereas the nanodisk with r = 320 nm has only one mode. For an HP nanodisk with a certain radius, with the increase of the azimuthal number m, the corresponding Q factor also increases. This is caused by the fact that a larger azimuthal number m always means a smaller resonant wavelength, for which both the radiation loss and the propagation loss is smaller. At the same time, as the azimuthal number increases, the mode volume also increases. The variation of the Purcell factor F P , on the other hand, is no longer monotonic, since the Purcell factor depends on both the Q factor and the mode volume. As shown by the last column of table 1, for the HP nanodisk with a small radius (r < 890 nm) the Purcell factor F P always increases as the azimuthal number m increases, but for the HP nanodisk with a large radius (r 890 nm), with the increase of the azimuthal number m, the Purcell factor F P increases first and then decreases.
For telecommunication applications, we are more interested in the resonant modes near 1550 nm, which has served as a guideline for us to choose the radii of these HP nanodisks in the initial design stage. As a comparison, we plot the Q factors, mode volumes and Purcell factors of these modes in figure 3 . As the azimuthal number m increases from 2 
(hollow line in figure 3(a) ). To obtain a high Q factor, an HP nanodisk with a large radius (such as r = 1000 nm) is a good choice. The dependence of the Purcell factor F P on the azimuthal number m is plotted in figure 3(b) . As the azimuthal number m increases from 2 (r = 320 nm) to 7 (r = 890 nm), the Purcell factor F P increases from 359 to 1824 and changes a little to 1827 as m further increases to 8 (r = 1000 nm). This means an HP nanodisk with a radius of r = 890 nm is large enough to realize a high Purcell factor. Above we have investigated HP nanodisks with structures having h L = 50 nm. Since the electromagnetic field is strongly concentrated inside the low-index layer, the parameters such as Q factor and mode volume are sensitive to the variation of the height h L . Here we assess such influence by calculating the modes for HP nanodisks with a fixed radius of 670 nm at various height values for the low-index layer. Table 2 presents the simulation results when the low-index layer height changes from 40 to 60 nm.
When the height h L varies from 40 to 60 nm, there are always four modes supported in the examined wavelength range of 1200-2000 nm. If one looks at the modes with the same azimuthal mode number, as h L increases, the mode volume increases apparently due to the larger geometry volume of the low-index layer. The variation of Q factor is more complex. For the modes with m = 4 and 5, the Q factor decreases as h L increases; for the mode with m = 7, the opposite trend is noticed; whereas for the mode with m = 6, the nanodisk with h L = 50 nm has the highest Q factor. This interesting phenomenon is caused by the trade-off between the radiation loss and the propagation loss: as the height of the low-index layer increases, the propagation loss of the HP nanodisk decreases combined with the increase of the radiation loss caused by the worse mode confinement. The variation of the Purcell factor is simply that F P monotonically decreases as h L increases for any m.
Conclusions
In conclusion, we have proposed and theoretically studied the performance of a nanodisk resonator based on a hybrid plasmonic structure functioning in the telecommunication wavelength range. Such a plasmonic cavity can achieve a relatively high Q factor and a high Purcell factor simultaneously. For an HP nanodisk with a radius of 1000 nm, a resonant mode with Q = 819 can be obtained at the wavelength of 1558 nm and the corresponding Purcell factor is as high as F P = 1827. Our designed HP nanodisk can be predicted to have more application potential in the next generation integrated nanophotonic systems.
